This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available:
can provide a glimpse into how these alignments have evolved over time, yielding insights into 24 the processes that have shaped galaxies over the history of the universe. 25 26 With this motivation, we assembled a sample of 65 distant galaxy clusters with deep 27 multi-color images available from the Hubble Space Telescope (HST) archive. These clusters, 28 which are listed in Table 1 , were discovered using a variety of techniques including optical and 29 near-infrared imaging, x-ray detection, and the Sunyaev-Zel'dovich effect [11] [12] [13] [14] [15] [16] . A few examples 30 are shown in Figure 1 . Although incomplete, this sample provides a representative selection of 31 the most massive galaxy clusters at redshifts 0.19 < z < 1.8, corresponding to look-back times 32 ranging from two to ten billion years. 33 34 Because most galaxies in these HST fields lack spectroscopic redshifts, likely cluster 35 members were identified based on their location along the 'red sequence,' a well-defined region 36 in color-magnitude space occupied by passively evolving early-type galaxies. The number of red 37 sequence galaxies detected ranges from more than one hundred in the richest low-redshift 38 clusters in our sample to a dozen or so in the most distant clusters. Each galaxy's shape and 39 orientation in the plane of the sky was measured from rest frame r-band HST images (for z < 1) 40 or Y and JH images (for z > 1) by fitting a single-component Sérsic profile to the observed 41 brightness distribution using the GALFIT software package (see Methods for more details). 42
43
The orientation of each cluster's principal axis was determined by computing the 44 moments of inertia of the distribution of red sequence galaxies (see Methods for details), which 45 are reliable tracers of the cluster mass distribution 17 . Cluster position angles are given in Table 1,  46   along with 1σ uncertainties derived from bootstrap resampling, which are typically 10° to 20°.  47 Thirteen clusters whose position angles were found to be uncertain by more than 25° were culled 48 from the sample, leaving 52 clusters for subsequent analysis. Cluster orientations obtained from 49 moments of inertia were found to be in good agreement with other independent determinations 18 . 50
As a further check, for the clusters in the CLASH 12 sample with published mass models derived 51 from gravitational lensing analysis we measured each cluster's principal axis and its orientation 52 by fitting ellipses to the inferred mass distribution. The agreement is excellent in general, with a 53 median difference of only 11° between the position angles obtained from moments of inertia 54 versus gravitational lensing (see Methods for more details). 55
56
We first examine the general tendency for cluster galaxies of all luminosities to be 57 aligned. Orientations were measured for 2137 individual galaxies in 22 CLASH clusters, 58 reaching ~ 3-4 magnitudes fainter than the brightest member. We did not include all clusters for 59 economy of effort, as the CLASH clusters are a homogeneous sample and contain most of the 60 red sequence galaxies considered in this study. The acute angle, θ, between the position angle of 61 each galaxy's major axis and that of its host cluster was computed and the results are shown in 62 Figure 2 . The uniform distribution between 0° and 90° is consistent with random orientations of 63 galaxies in these clusters. This is confirmed by three different statistical tests for isotropy: 64
Kuiper's V statistic, Rao's spacing test and the binomial test (see Methods for more details). 65 66 However, a very strong alignment tendency is seen when only the brightest member of 67 each cluster is considered ( Figure 3 ). The probability that the BCGs have random orientations 68 with respect to their host clusters is very small, with p = 0.000141, 0.000016 and 0.0152 69 according to the binomial, Kuiper V and Rao spacing tests, respectively. The second brightest 70 and fainter galaxies show no significant alignment tendency, as is seen at lower redshifts 19, 20 . 71
Likewise, no correlation was found between alignments and a galaxy's absolute magnitude, 72 surface brightness distribution as measured by Sersic index, ellipticity, nor on the magnitude 73 difference between the first and second brightest cluster members. The primary factor that 74 appears to determine whether a galaxy is aligned with its host cluster is that it must be the 75 brightest cluster member, which suggests that there is something special about the birth and 76 evolution of those galaxies. Other studies likewise support the view of BCGs as distinct from 77 other cluster galaxies rather than just the statistical extreme of a single population 21-23 , with 78 alignments yet another piece of evidence that they are the product of a unique formation history. 79 80 Figure 4 shows the relative orientations of the brightest member galaxies with respect to 81 their host clusters for the ten most distant clusters in our sample, all at z > 1.3. Despite the small 82 sample size, there is clear evidence of BCG alignments at these epochs. The binomial test shows 83 that the distribution seen in Figure 4 has a probability p = 0.044 of being consistent with random 84 orientations, while the Kuiper V and Rao spacing tests indicate likelihoods of only p = 0.019 and 85 p = 0.051, respectively. We conclude that the brightest galaxies in clusters have been aligned 86 with their surroundings for at least the past ten billion years. 87
88
We emphasize that the alignments seen in Figure 3 and 4 are physical rather than a result 89 of systematic errors. Cosmic shear is not expected to produce a false signal of intrinsic 90 alignments within clusters, and any systematic errors that might arise in measuring galaxy 91 orientations should not correlate with the distribution of galaxies on larger scales. In fact, given 92 the uncertainties in the measured galaxy and cluster orientations, the intrinsic alignments of 93 BCGs with their host clusters must be even stronger than seen in the figures. We note that the 94 lack of alignments for non-BCGs is not an artifact of greater uncertainties in the position angles 95 of fainter galaxies, because in many clusters the BCG and second-ranked member differ by only 96 a few tenths of a magnitude in apparent brightness, and faint members of nearby clusters can 97 appear brighter than the most luminous members of distant clusters. Because BCGs usually reside at or near the cluster center, this suggests that their 115 alignment may be related to their special location. Indeed, it has been suggested that these 116 galaxies could be viewed as 'proto-nuclei' of clusters 33 . Further study of BCG alignments at 117 even higher redshifts could provide additional insights into the processes and timescales that 118 have influenced the formation and evolution of these galaxies, the most massive in the universe, 119 over billions of years. 120 121 Here θ is the acute angle between the projected major axis of each galaxy and that of the cluster 299 in which it resides. If the galaxy and cluster axes are perfectly aligned then θ = 0°, while random 300 galaxy orientations will produce a uniform distribution between 0° and 90°. The distribution is 301 consistent with no preferred orientations of cluster galaxies in general. 302 303 Figure 3. Alignments of brightest cluster galaxies. 304 305 As in Figure 2 , θ is the acute angle between the major axis of the brightest cluster galaxy and that 306 of the cluster in which it resides. A strong tendency for these galaxies to share the same 307 orientation as their host cluster is seen and confirmed statistically. The orientations of the brightest member galaxies with respect to their host clusters in the ten 313 clusters at redshifts z > 1.3. A statistically significant tendency for these galaxies and their host 314 clusters to share similar orientations is found even at early epochs. 
